1. EEG dynamics in children are strongly influenced by anaesthetic depth and to a lesser extent by age.
2. For children under deep anaesthesia, age dependency of EEG parameters is only seen for total power.
3. In children under light anaesthesia relative beta band power increases linearly with age.
Introduction
Loss of consciousness induced by general anaesthetic agents has been proposed to be related to disruptions of connectivity between neuronal networks of the thalamus and the cerebral cortex (Alkire, 2000) . Accordingly, the electroencephalogram (EEG), as a tool to measure synchronicity of network connectivity, has gained a position as the de-facto standard to monitor the depth of anaesthesia.
However, EEG signatures used to identify different levels of anaesthesia are not well characterized in children, and still need to be properly described before implementation in clinical practice.
EEG dynamics during anaesthesia and sleep are strongly dependent on age (Schmitt, 2012; Akeju, 2015; Davidson, 2008) . The period from birth to adolescence is marked by a particularly rapid development and fundamental changes in brain connectivity, which are reflected in the different effects of anaesthetics on EEG oscillations during this period (Akeju, 2015; Davidson, 2008; Constant, 2012; Cornelissen, 2015) . This development is seen in EEG activity of awake children, which shows characteristic changes in baseline oscillation: theta and delta oscillations are observed in infants of up to one year of age, increasing in frequency towards slow alpha activity for toddlers, and reaching a baseline alpha activity around the age of 6 years (Schmitt, 2012) . However, age-related EEG characteristics in children during different levels of anaesthesia are still not well established.
Previous studies on children have demonstrated an age-dependence for total EEG power and spectral parameters during deep anaesthesia, as well as during emergence from anaesthesia (Akeju, 2015; Davidson, 2008; Constant, 2012; Cornelissen, 2015) . However, it is still unknown whether this agedependence can be found consistently during other levels of anaesthetic depth, and how EEG relative band power parameters can be used for monitoring depth of anaesthesia.
Characterizing EEG dynamics during different levels of anaesthesia, as well as their dependence on age, might help to establish a foundation for the development of age-appropriate monitoring of general anaesthesia and sedation in children.
The aim of this study was to determine the effect of age on basic EEG power spectrum parameters during different levels of routine anaesthesia. We conducted this study as an observational, retrospective analysis of EEG data recorded during routine clinical anaesthesia in children. We hypothesized that during routine anaesthesia, depth of anaesthesia, as well as age, will cause changes in EEG power, spectral edge frequency, and in the relative band-power of alpha-, beta-, theta-, and delta-bands.
Methods

Study population and anaesthetic procedure
This study was performed as a retrospective observational trail (NCT03066024). After approval by the local ethics committee (EA2/027/15; Ethikkommission der Charité -Universitätsmedizin Berlin), frontal EEG recordings of 95 children that underwent general anaesthesia between April and November 2015 were obtained from our clinical database. Children with pre-existing neurological conditions (one child), as well as children undergoing neurosurgical procedures (one child), were excluded. All the remaining 93 cases underwent general anaesthesia induced by propofol bolus application, and maintained with sevoflurane as the sole anaesthetic agent, supplemented with opioids, in accordance with our standard operating procedures.
EEG recording
The EEG of each child was recorded continuously during the anaesthesia. In most children, the EEG was recorded for the complete length of anaesthesia, with few exceptions where the recording started after induction or ended before emergence from anaesthesia. Frontal EEG recordings were performed using the Narcotrend Monitor (MT Monitor Technik, Bad Bramstedt, Germany; software 4.0). Single use surface EEG electrodes (Ambu BlueSensor N / Bad Nauheim Germany) were placed immediately after induction of anaesthesia at the positions Fp1 and F7 or Fp2 and F8, with a ground electrode at Fpz. The skin was prepared with alcohol to reduce impedance. Electrode impedance was <8kOhm in each channel, and differences between each channel were below 5kOhm. Sampling frequency was 1024/s, down-sampled to 128/s. A band-pass filter was used to limit the frequency range to 0.5 -45Hz.
The frequency resolution of the fast Fourier transformation (FFT) was 0.5Hz. The power band values were summed for each frequency band range.
EEG data analysis
Two-minute EEG data segments were selected from each child during four different levels of anaesthesia: (1) "emergence", defined as a time-span around 5min after anaesthesia was discontinued at the end of surgery; data were only included if Narcotrend Stadium B was reached during postoperative EEG recording; (2) "light aesthesia", defined as an end tidal sevoflurane concentration below 0.7 MAC (minimal alveolar concentration); primarily indicated by the Narcotrend Stadium C; (3) "deep anaesthesia", defined as an end tidal sevoflurane concentration above 0.8 MAC; primarily indicated by the Narcotrend Stadium D; and (4) "very deep anaesthesia", defined as a timespan 2-5 minutes after anaesthesia induction with a propofol bolus. Data were only included if Narcotrend Stadium E was reached within 5 min after anaesthesia induction. Data segments were selected by visual inspection, to ensure that they were noise-and artefact-free. Data segments were put in order from emergence to very deep anaesthesia, to point out the influence of depth of anaesthesia on the EEG parameters, even though this is not in line with the time order of the data segments evaluated. For each segment, we calculated the mean value from the chosen two-minute EEG data segments, to define overall power (µV²), the relative beta (12.5 -30 Hz), alpha (7.5 -12.5Hz), theta (3.5 -7.5Hz), and delta (0.5 -3.5Hz) band powers (%), as well as the spectral edge frequency 95% (SEF / Hz), using the EEG viewer software (MT Monitor Technik, Bad Bramstedt, Germany, Version1.6). Analyses were performed based on the signals from the Fp1-F7 and Fp2-F8 electrodes with the Fpz electrode as reference.
Statistical Analysis
Results are expressed as arithmetic mean ± SD for patient characteristics, as well as for age-related and level of anaesthesia-related EEG parameters. Statistical tests were conducted as follows: nonparametric test via Mann-Whitney U for two independent samples, Kruskal-Wallis test for three or more independent samples, and the Fisher exact test for qualitative data. To illustrate the agedependence of the investigated parameters, plots of the total power (µV²), the relative band powers (%) for the beta-, alpha-, theta-, delta-spectrum, and the spectral edge frequency (Hz) over age for each level of anaesthesia were created. The best-fit regression model was obtained to describe the relationship between age and EEG parameters using regression analysis in SPSS Version 23. Total power was best analysed by a third-degree polynomial regression model, whereas relative band powers in the beta-, alpha-, theta-, delta-spectrum, and spectral edge frequency were analysed by linear regression model. The significance threshold was set at p < 0.001. To define the sensitivity, specificity and the cut off values to differentiate in between emergence versus light anaesthesia, light anaesthesia versus deep anaesthesia and deep anaesthesia versus very deep anaesthesia we calculated ROC curve analyses. Statistical testing was performed using SPSS, Version 23, Copyright© SPSS, Inc., Chicago, Illinois 60606, USA.
Results
Data was collected over a period of 6 months, from April until November 2015. Patient characteristics and the dosages of the administered drugs are summarized in Table 1 . Anaesthesia duration was longer in the < 1-year-old age group, as there was a higher proportion of cleft-lip-palate surgery in this age group, which mainly involves a surgery duration of 3-5h. Due to routine clinical practice, the administered propofol concentration was significantly elevated in age group <1 year.
EEG changes related to level of anaesthesia
Total EEG power increased with depth of anaesthesia, and differentiation between emergence, light, and deep anaesthesia was possible. Relative delta band power increased with depth of anaesthesia, where differences between individual levels of anaesthesia were significant. Relative theta band power decreased significantly from light anaesthesia level to emergence, and increased significantly from very deep to deep anaesthesia. Relative alpha band power decreased significantly from light to very deep anaesthesia, with significant differences between the individual levels of anaesthesia, though it was not possible to differentiate between light anaesthesia and emergence. Relative beta band power increased significantly from very deep anaesthesia towards emergence, with significant differences between the individual levels of anaesthesia. Spectral edge frequency increased significantly from very deep anaesthesia towards emergence, with significant differences between individual levels of anaesthesia ( Figure S1 , Supplement Table S1 ).
Age-related EEG changes
Total EEG power differed significantly over age during deep and very deep anaesthesia, as power increased with age up to a peak around 4-8 years, with a subsequent decline thereafter (Table 2; Figure 2).
Relative beta band power increased with age during light anaesthesia (Table 2; Figure 3 ). Relative alpha-, theta-, and delta-band power, as well as spectral edge frequency, did not show any significant age-related differences during any of the anaesthesia levels assessed, nor during emergence (Table   2 ; Figure 3 ).
Discussion
EEG changes related to different levels of anaesthesia in children were observed, with specific patterns of age-dependence for each EEG power spectrum parameter. Depth of sedation could be best differentiated throughout all four levels of anaesthesia by increasing relative delta band power, decreasing relative beta band power, and spectral edge frequency with deeper anaesthetic depths.
But even though sensitivity and specificity were relatively high, there is still an overlap of data points.
Overall it should be mentioned, that this was a retrospective analysis and the level of depth of anaesthesia was not defined precisely.
Total EEG power (µV 2 ) peaked in children aged 4-8 years during deep and very deep anaesthesia.
Relative beta band power showed a strong age dependence during light anaesthesia, where relative beta band power accounted for a strong relative proportion of the total power spectrum.
EEG changes related to different levels of anaesthesia
Loss of consciousness induced by anaesthetic drugs is generally accompanied by EEG deceleration (Mandema, 1991) , which was also observed in this trial, displaying a significant decrease of spectral edge frequency from the shallower to the deeper anaesthetic levels. This characteristic EEG trend from anaesthesia and emergence has been previously shown in small children aged 6-24 months, as well as for children aged 2-12 years (Davidson, 2008) . Our data shows that this common effect can be seen in all children, irrespective of age. This is interesting, since in the resting state EEG of children presents with a significant increase in baseline oscillation from infants, to toddlers, to pre-school children, and school children. Our data confirms that frontal EEG frequency ranges are more pronouncedly influenced by the level of anaesthetic depth than by the age of the child.
Relative delta and beta relative power bands showed distinct ranges, differing significantly between all four levels of anaesthesia, and indicating that these parameters might be used to monitor anaesthetic depth in children. Relative alpha and theta band power had a greater overlap between different levels of anaesthesia, so that these parameters are less adequate for the differentiation of anaesthesia depth.
Resting state EEGs in children show large age-related differences in frequency and power (Niedermeyer, 2005; Schmitt, 2012) , which were not more pronounced during anaesthesia.
Predominant resting EEG frequency in the first months after birth are within the delta range, accelerating towards the theta frequency range in preschool children and reaching the alpha range in school children (Stroganova, 1999; Orekhova, 2006) . In contrast, EEG activity during anaesthesia in children is primarily influenced by anaesthetic depth, and related to age differences to a much lesser extent. This is a crucial insight, as it indicates that EEG activity in children during anaesthesia is mainly influenced by the anaesthetic's mechanism of action, whereas the impact of cortical development during childhood seems to be less relevant. Our data, might be interpreted as that the quantity of neurons is already established in small children and it doesn't undergo major changes throughout brain development, whereas the interplay in between the inhibitory / excitatory system underwent a crucial change during brain development from early childhood to adolescence (Hensch, 2012; Kadosh, 2015) .
But it must be mentioned, that the age related differences in resting state EEG frequency refer to the occipital EEG recordings. Based on our data of frontal EEG recordings and the interconnection of relative band power data, we cannot finally conclude that these age related resting state EEG differences do not influence intraoperative EEG states.
Age-related changes in total EEG power
Total EEG power peaks during anaesthesia at the age of 4-8 years, which is in line with the results from Akeju et al., who reported a power peak at the ages 5-8 years during deep sevoflurane anaesthesia (Akeju, 2014) . In addition to these previous results, our study shows that the power peak is present through deep and very deep anaesthesia, but not at light anaesthesia and emergence.
Consistent with our results, Davidson et al. also reported that the increase of power during anaesthesia maintenance levels is greatest in children aged 4-7 years, but power did not peak in relation with age during the emergence time point (Davidson, 2008) .
The physiological basis of the observed age-related changes in total EEG power, increasing up to a peak, appears to be related to synaptogenesis during the development of the human brain.
Synaptogenesis in humans begins at prenatal period, increasing to maximum levels around the age of 4-8 years (Petanjek, 2011) , and is then followed by a process of refinement, in which the number of synapses is reduced to adult levels by mid-adolescence (Huttenlocher, 1997) . This process results in a gradual increase of the total number of synapses to a peak around an age of 4-8 years, followed by a gradual decline towards a plateau of excitatory synaptic strength in the prefrontal cortex around an age of 18 years (Insel, 2010) .
Dynamics in relative beta band power
Changes in the relative beta band power during administration of anaesthetic drugs reflect their affinity and intrinsic efficacy at central GABA receptor complexes (Mandema, 1991 and 1992) . GABA stimulation, which is responsible for cortical inhibition, has a biphasic effect, with an initial induction of rapid oscillations of beta activity, and decreasing frequency at deeper anaesthetic levels (Kuizenga 2001 ). This biphasic phenomenon is known for general anaesthetic drugs, such as propofol and sevoflurane, where doses that are insufficient to induce loss of consciousness will induce EEG and behavioural excitation (McCarthy, 2008; Golparvar 2004 ). This EEG excitation phenomenon is seen in our data in form of a high relative beta band power (48% + 14) during emergence, compared to reported resting state EEG relative beta band power (12% + 3) in healthy children aged 4-15 years (Clarke, 2001 ).
Furthermore, our results demonstrate that the relative beta band activation during light anaesthesia show a strong age dependence, with relative beta band power increasing with age. The simplest explanation for this phenomenon might be found in the underlying physiological processes causing beta activation at shallow anaesthetic depths. It has been shown that moderate GABAergic activation interacts at the cortical level with the hyperpolarization-activated I h current in interneurons, creating a primarily cortical beta oscillation (McCharty, 2008; Ching, 2013) . Therefore, it seems reasonable to deduce that these neuronal membrane characteristics and the I h channel activation develop during maturation of brain functional networks, were an appropriate balance between excitation and inhibition is crucial for normal brain function and development (Kadosh, 2015) . In the view of cognitive skills, frontal beta power has been related to reflect the neural development of inhibitory control, which develops throughout infancy to adolescence (Lo, 2013) .
Limitations
One limitation of this study is its retrospective character, and the fact that anaesthetic agents were not uniformly administered. However, ethical constraints limit the scope of prospective, interventional clinical trials in children, which would allow a more precise drug administration and more precise classification of anaesthetic levels. Due to clinical variations, not all anaesthetic levels were reached in all examined children, and anaesthetic levels were not equally distributed.
In agreement with our standard operating procedures, children received induction of anaesthesia with propofol, whereas maintenance was conducted with sevoflurane inhalation. Since it is known that both anaesthetics have different mechanisms of action, this might limit the comparison between very deep anaesthesia and the lighter anaesthetic levels.
Duration of anaesthesia was significantly increased for infants <1 year, due to the higher proportion of cleft-lip-palate surgery in this age group. However, since we focused only on short time segments during each anaesthetic procedure, this should not have influenced our findings.
Due to routine clinical practice, propofol administration in relation to body weight was significantly increased for infants <1 year. Although this might limit the comparison between EEGs from these children with other age groups in the course of very deep anaesthesia, the higher dosage did not seem to significantly influence the trend in total band powers, which remained consistent with the other anaesthetic depths.
Finally, the EEG segments, chosen according to the clinical setting, were finally validated with regard to the level of sedation by the Narcotrend Stadium as indicated in the Narcotrend Monitor. Therefore, it
is possible that our data should be read as a decoding of the underlying EEG Narcotrend algorithm, rather than as intraoperative EEG dynamics in children related to clinical settings.
Conclusions
In our observational, retrospective EEG study, we demonstrated that EEG dynamics in children aged 0-19 years are primarily dependent on anaesthetic depth, whereas age dependency were only shown for single EEG parameters as total EEG power and relative beta band power.
These findings should be taken into account when using EEG to monitor anaesthetic depth in children, as an enhanced interpretation could help avoid unnecessary anaesthesia application, ultimately reducing the risk of neurotoxicity (Sinner, 2014) .
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The authors have no conflict of interests to declare. There is a tendency that relative beta band power increases with age at emergence; that relative alpha band power decreases with age at emergence and light anaesthesia; that relative delta band power increases with age at deep anaesthesia. Relative beta-band power (%)
48 (14) 22 (7) 6 (4) 2 (1) <0.0001
Relative alpha-band power (%)
22 (12) 26 (9) 11 (6) 4 (2) <0.0001
Relative theta-band power (%)
7 (3) 12 (4) 14 (5) 9 (5) <0.0001
Relative delta-band power (%)
20 (8) 37 (8) 66 (11) 84 (6) <0.0001
Spectral edge frequency (Hz)
20.7 (2.6) 16.9 (2) 9.6 (3.2) 4.5 (2.6) <0.0001 Table 2 : EEG power spectrum parameters for the different level of anaesthesia of all children (0-19 years). Mean (SD). Significances are related to different level of anaesthesia for total power (µV²), relative beta-, alpha-, theta-, delta-band power (%) and Spectral edge frequency (Hz) for all children. Chi-square test for dependent parameter. Relative beta and relative delta band power, as well as spectral edge frequency, discriminate between all single levels of anaesthesia. Total power (µV²) discriminates between emergence and light anaesthesia, as well as light anaesthesia and deep anaesthesia, but not between deep and very deep anaesthesia. Relative alpha band power discriminates between light and deep anaesthesia, as well as between deep and very deep anaesthesia, but not between emergence and light anaesthesia. Relative theta band power discriminates between emergence and light anaesthesia, as well as between deep and very deep anaesthesia, but not between light and deep anaesthesia.
